We assess the accuracy of the self-consistent Ornstein-Zernike approximation for a binary symmetric hard-core Yukawa mixture by comparison with Monte Carlo simulations of the phase diagrams obtained for different choices of the ratio ␣ of the unlike-to-like interactions. In particular, from the results obtained at ␣ϭ0.75 we find evidence for a critical endpoint in contrast to recent studies based on integral equation and hierarchical reference theories. The variation of the phase diagrams with range of the Yukawa potential is investigated.
I. INTRODUCTION
Symmetric binary fluid mixtures with appropriate attractive interactions can show both a liquid-vapor ͑LV͒ and a demixing transition when the relative strengths K 11 ϭK 22 and K 12 of the ͑attractive͒ interactions between particles of similar and dissimilar species are different. According to the value of ␣ϭK 12 /K 11 several distinct phase diagrams are obtained depending on where the demixing transition line ͑ line͒ meets the LV coexistence curve.
1 If ␣ is close to 1, the tendency for the demixing transition is small unless the temperature is low and the density high. The line is expected to intersect the coexistence curve at a critical end point ͑CEP͒ at a temperature well below the critical LV temperature ͑type I phase diagram͒. At lower values of ␣ the CEP moves to higher temperatures eventually merging with the LV critical point giving rise to a tricritical point ͑type III͒. An intermediate situation can exist where the demixing transition becomes first order for a density higher than that of the LV critical density. In that case one will have a triple point, a LV critical point, and a tricritical point ͑type II͒.
These three types of phase diagrams have been found in mean field ͑MF͒ calculations and Monte Carlo ͑MC͒ simulations of a square well system with range 1.5 ͑ denotes the hard-core diameter͒. 1 In the simulations the type II diagram is found to occur in a rather narrow range 0.65Շ␣Շ0.68 while MF theory predicts a wider range, i.e., 0.605Ͻ␣Ͻ0.708.
1 Qualitatively MF and simulation results agree though there is quite a quantitative discrepancy between the values of ␣ where one topology of the phase diagram changes to the other. This may not be so surprising as MF theory neglects fluctuations in the order parameters of the LV and demixing transitions. 1 In later work, using the hierarchical reference theory ͑HRT͒, 2 which is based on renormalization group techniques, Pini et al. 3 4 for a symmetric Lennard-Jones ͑LJ͒ mixture also arrived at the conclusion that there is no CEP.
Up to this point the different predictions for the phase behavior suggest that either the scenario of phase behavior is not generic and depends on the potential model or that the applied theories lack accuracy. In support of the latter hypothesis is a MC finite size scaling study of the demixing transition of the symmetric LJ mixture 5 which convincingly attests the existence of a CEP for ␣ϭ0.7. Similarly, integral equation results based on the self-consistent OrnsteinZernike approximation ͑SCOZA͒, 6, 18 which previously has been shown to give accurate results for the coexistence curves ͑including the critical region͒ of one component systems, 7, 8 predicted all three types of phase diagram for the HCYFM model at zϭ1.8, in particular, a CEP at ␣ϭ0.75 in contrast with the HRT results of Ref. 3.
One aim of the present paper is to present MC simulation results for the HCYFM model in order to establish the accuracy of the theoretical approaches, SCOZA and HRT, restricting ourselves to the equimolar case. In addition, we investigate the change of phase diagram when the range of the Yukawa potentials increases. Interestingly, exact results are available when this range gets infinitely large 9 providing a stringent test of the SCOZA approach in this limit.
II. THEORY

A. The model
We have studied a symmetric binary HCYFM. For the parametrization of the interatomic potentials we have chosen the following form (i, jϭ1,2):
where ␤ϭ(k B T) Ϫ1 (k B being the Boltzmann constant and T is the temperature͒ and is the hard-core ͑HC͒ diameter which will be used as the unit of length. z is the inverse screening length of the system. Due to the symmetry, K 11 ϭK 22 and the parameter ␣ is introduced via K 12 ϭ␣K 11 . The total number density is ϭ 1 ϩ 2 , where the 1 and 2 are the partial number densities and xϭ 1 / is the concentration of species 1. Reduced values z*ϭz, *ϭ 3 , and T*ϭ/K 11 will be used throughout the paper. For commodity we will drop the stars.
B. MSA and SCOZA
SCOZA is an advanced liquid state theory, which is based on a mean spherical approximation ͑MSA͒-type closure relation to the, Ornstein-Zernike ͑OZ͒ equations; it relates the direct correlation functions c i j (r) and the pair distribution functions g i j (r), i, jϭ1, 2, to the ⌽ i j (r) via
thereby introducing yet undetermined, state dependent functions K i j (,T,x) which are fixed by the thermodynamic selfconsistency requirement for the isothermal compressibility, calculated via the compressibility and the energy route. Taking advantage of the availability of the analytic solution of the MSA for the HCYFM with an arbitrary number of components, 10 part of the formalism can be carried out analytically. 6 It should be pointed out that at present-due to computational limitations-only a global consistency criterium can be used: here the reduced total isothermal compressibility red ϭk B T T is related to the excess ͑over ideal gas͒ internal energy per volume u by
where the tilde denotes the Fourier transforms of the c i j (r). So we have to reduce the number of unknown functions which was done by assuming that K i j (,T,x)ϭK(,T,x) for all i and j. The formalism of SCOZA ͑for a detailed presentation see Refs. 6 and 11͒ leads finally to a quasilinear parabolic partial differential equation for u
which has to be solved numerically with suitable boundary and initial conditions. Details about the solution algorithm are summarized in the Appendix of Ref. 7.
Once Eq. ͑4͒ is solved, the thermodynamic properties of the system can readily be calculated. In particular, we require the pressure P and the chemical potentials 1 and 2 for the determination of the phase diagram. The coexistence equations are again solved with well-tested numerical algorithms, taking benefit of some symmetry relations in the 's due to the symmetry in the interactions.
It should be noted that there is evidence that SCOZA results converge towards MSA results as z becomes smaller: this is reflected by the fact that for these z values K(,T,x) ϳϪ␤ ͑as required in the MSA͒ and that the degree of thermodynamic inconsistency between the compressibility and the energy route within MSA becomes smaller. with periodic boundary conditions. As in the SCOZA theory the particles interact with the full Yukawa potential the long range has been taken into account in the simulations in order to make a meaningful comparison with theory. We have used the Ewald form of the Yukawa potential ͑cf. Appendix͒, 12 which includes properly the sizeable contribution of the periodic replicas of the system to the internal energy when the Yukawa potential has a long range. The simulations have been performed with the Ewald Yukawa potential for all values of z although for our simulation box size truncation of the Yukawa potential would entail negligible effects for zϭ1. 8 .
III. RESULTS
Grand canonical Monte Carlo
All the simulations have been realized for identical chemical potentials of the two species, ϭ 1 ϭ 2 , implying that, at low densities, the average numbers of the particle species ͗n 1 ͘ and ͗n 2 ͘ are equal. At a given value of temperature T and chemical potential , a typical simulation involved 10 8 trial MC moves ͑displacement, insertion, or deletion of a particle͒. In the bulk, equimolar, or demixed fluid phases, the relative precision on the total density ϭ͗n 1 ϩn 2 ͘/V is Ӎ1%. The location of the phase transitions is based on the determination of the joint probability of the internal energy u and numbers of particles p(u,n 1 ,n 2 ,T,). The latter function can be estimated directly from the simulations or computed by combining the results obtained for different, but close, values of T and following a reweighting procedure well documented in the literature. [13] [14] [15] The reweighted p(u,n 1 ,n 2 ,T,) functions were calculated from a set of simulations near the transition involving at least four MC runs of ϳ8ϫ10 8 trial MC moves.
After summation on u, the histograms p f (n 1 ϩn 2 ,T,) and p d (͉n 1 Ϫn 2 ͉,T,) were used to locate the phase transitions. 16 The first-order transition between the equimolar vapor and liquid is characterized by the existence of two peaks in p f at the values of n 1 ϩn 2 associated with the vapor and liquid densities V and L . For a given value of T, the equilibrium between these two phases is located at the value of LV where the two peaks have equal height. The vapor and liquid phases in equilibrium are equimolar if for values close to LV ͑below or above͒ a unique peak is observed in p d at ͉n 1 Ϫn 2 ͉ϭ0. On the other hand, equilibrium takes place between an equimolar and demixed phase when for below LV , p d has a peak at ͉n 1 Ϫn 2 ͉ϭ0 and above LV a peak at a finite value of ͉n 1 Ϫn 2 ͉. In this case the demixing transition is a first-order transition. Typical histograms for p f and p d are shown in Fig. 1 . For details we refer the reader to the caption. 
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Phase diagram of a Yukawa mixture J. Chem. Phys. 122, 024507 (2005) At high temperatures, the demixing transition is a second-order transition ͑cf. Introduction͒. For a given value of T and increasing values of , it is characterized first by the broadening of the peak of p d at ͉n 1 Ϫn 2 ͉ϭ0. The value of at which the peak reaches its maximum width gives the location of the line at density . Above the value of p d (0,T,) decreases and a peak located at values of ͉n 1 Ϫn 2 ͉ 0 gives the demixing rate ͉n 1 Ϫn 2 ͉/(n 1 ϩn 2 ) of the demixed phase. This variation of p d does not correspond to any qualitative change of p f which presents a narrow unique peak at values of ϭ͗n 1 ϩn 2 ͘/V increasing monotonically with .
The above procedure for locating the first-order transitions applies easily when, at the phase equilibrium, the difference between the vapor density V and the equimolar ͑or demixed͒ liquid density L ͑or d L ) or between the coexisting liquid densities at the demixing transition, d and d L , is smaller than 0.3 ͑here the subscript ''d'' denotes coexistence densities of the demixing transition͒. For these density differences, several transitions between the low and high density phases occur in a MC run, giving an adequate sampling of p(u,n 1 ,n 2 ,T,), in particular, of the relative heights of the peaks associated with the two phases. At low temperature, the density gap between the vapor and demixed liquid is large and cannot be crossed during a MC run without biased sampling, for instance, multicanonical sampling. 17 Such a sampling has not been used in this work and the vapordemixed liquid transitions at low temperatures have been localized by looking for a value of such that above and below this value the vapor and liquid phases are, respectively, unstable. The uncertainty on the equilibrium densities determined from the analysis of p(u,n 1 ,n 2 ,T,) is estimated to be Ϯ0.005; at low temperatures, where this analysis could not be performed the error is estimated to be Ϯ0.01.
The phase diagrams for zϭ1.8 are shown in Figs. 2-4 where ␣ varies from 0.65 to 0.75. A set of isotherms for ␣ϭ0.75 is plotted in Fig. 5 . The coexistence densities of the various phases and the densities along the line are summarized in Tables I-III for the different isotherms considered in the simulations.
The phase diagram at ␣ϭ0.65 ͑cf. Fig. 2͒ is clearly of type III. There is no LV critical point but a tricritical point at T tr Ϸ1.075 and tr Ϸ0.517. Upon increasing ␣ to 0.7, a LV critical point emerges which for ␣ϭ0.7 has critical parameters T c Ϸ1.045 and c Ϸ0.305. The tricritical point has a temperature T tr Ϸ1.02, i.e., lower than the critical temperature and a density tr Ϸ0.56 ͑type II phase diagram͒. At ␣ϭ0.75 the line intersects the LV coexistence curve at a critical end point T cep Ϸ0.965, cep Ϸ0.617 ͑type I phase diagram͒. The critical temperature T c Ϸ1.07 is slightly higher than for ␣ϭ0.7 but the critical density c Ϸ0.305 is unchanged within statistical error. The sequence of phase diagrams obtained by SCOZA for zϭ1.8 is similar to that found in the simulations. In fact, the phase diagrams obtained with SCOZA and simulations compare quite favorably. As seen from Figs. 2-4 agreement is excellent for the vapor-equimolar liquid transition. The demixing transition occurs in the GCMC results for densities systematically larger than in SCOZA theory, the difference being of the order of 2%-5%. Similar differences occur for the equilibrium densities between the vapor and the demixed liquid. The temperatures of the tricritical and critical end point are also in good agreement, the discrepancy being of the order of the uncertainty, i.e., 0.5%-1%, on the temperatures determined from the simulation data. For a quantitative comparison of the theoretical results and simulation data we refer to Table IV. In Figs. 6 and 7 and Tables II and III we show the phase diagrams for ␣ϭ0.7 when the range of the Yukawa potential increases. At zϭ0.1 a narrow temperature range between T ϭ96 and 98 is found in simulation where equimolar and demixed liquids coexist with T tr Ϸ97.5 and tr Ϸ0.49; SCOZA predicts T tr Ϸ101 and tr Ϸ0.48. As becomes visible from Fig. 6 both simulations and SCOZA predict a kink at the triple point of the coexistence curve. Upon further increasing the range of the potential to zϭ0.01 we recover a type II phase diagram with coexistence between an equimolar and a demixed liquid in the temperature range 8850-9100 with a tricritical point at T tr Ϸ9100 and tr Ϸ0.479, in good agreement with SCOZA results T tr Ϸ9220 and tr Ϸ0.48. Similar as for zϭ1.8 we note that the MC vapor-liquid transition curve is very well reproduced by the SCOZA theory.
Finally, we point out that for the GCMC simulations the temperature range for the existence of the first-order demixing transition is non-monotonic as z decreases towards zero, as shown by the variation of the ratio (T tr ϪT trp )/T trp ͑cf. 
IV. CONCLUSIONS
One of the aims of this paper was to resolve the discrepancy between predictions of two different theoretical approaches, SCOZA and HRT, for the phase diagrams of the HCYFM at values of ␣տ0.73. While SCOZA provides a clear prediction of a CEP ͑type I͒, no such evidence was found in the HRT calculations; 3 rather a type II behavior with a tricritical point is predicted up to ␣ϭ0.8, the highest value at which solution of the HRT equations could be obtained.
3
The good agreement between SCOZA and the present MC results pleads in favor of a type I phase diagram for ␣տ0.73. We note here that the range of existence of the type II phase diagram of the HCYFM, given by the simulation and SCOZA, is shifted to somewhat higher values of ␣ compared to the square-well binary fluid mixture where the range of this phase diagram type ͑cf. Introduction͒ is 0.65Ͻ␣Ͻ0.68.
1
The similarity of phase diagrams found for binary fluid mixtures of square well, 1 hard-core Yukawa, 6 LJ systems 5 as well as for classical spin systems, 19 dipolar models, 20, 21 or living polymers 22 suggests a generic behavior for a wide class of potential models. 1 The precision of SCOZA even improves when the range of the Yukawa potential increases. In the limit of infinite range an exact result can be derived for zϭ0 ͑Ref. 9͒ exhibiting a rigorous scaling of the transition temperatures as 1/z 2 , which for finite z is approximately reproduced by the MC and SCOZA results.
